Detergent and salt extraction studies, as well as cytochemical localization with fluorescein isothiocyanate-bovine serum albumin-L-fucose, have provided further evidence for the plasma membrane association of a novel human sperm, ␣-L-fucosidase. This ␣-L-fucosidase has been solubilized and purified 8600-fold to high specific activity (35 000 U/mg protein) by affinity chromatography on agarose-C 24 -fucosylamine. To our knowledge, this is the first report concerning the purification and characterization of a mammalian plasma membrane-associated ␣-L-fucosidase. Both SDS-PAGE and Western blot analysis indicated the ␣-L-fucosidase is highly purified and contains a single subunit with a molecular mass of 51 kDa. N-glycanase studies indicated the subunit contains N-glycans, and lectin blot analysis detected the presence of mannose, but no terminal galactose or sialic acid residues. Isoelectric focusing indicated the presence of two major ␣-L-fucosidase isoforms (pIs 6.5 and 6.7) and a possible minor isoform (pI 6.3). Treatment of ␣-L-fucosidase with neuraminidase did not change its isoform profile, providing further evidence for the enzyme's lack of sialic acid residues. Kinetic analysis with 4-methylumbelliferyl ␣-L-fucopyranoside indicated that sperm ␣-L-fucosidase has a pH optimum near 7, an apparent K m of 0.08 mM, and a V max of 6.8 mol/min/mg protein. The unusual properties of human sperm ␣-L-fucosidase argue in support of a potentially important, but presently unknown, role for this enzyme in human reproduction. fertilization, gamete biology, male reproductive tract, sperm, testis
INTRODUCTION
Evidence is accumulating that sperm-egg interactions in many species are carbohydrate-mediated events that involve proteins on the sperm plasma membrane and glycoconjugates on the surface of oocytes (for review, see [1] [2] [3] [4] ). A number of sperm saccharide-binding proteins [5, 6] , glycosyltransferases [7, 8] , and glycosidases [9, 10] have been suggested as putative protein receptors for oocyte binding. The most detailed and definitive studies have been done with the mouse, in which oligosaccharides linked to two Ser residues (O-glycans) on the zona pellucida glyco- protein ZP3 have been shown to have a crucial role in binding to sperm proteins (e.g., sp56, ␤-1,4-galactosyltransferase, and p95) [1, 4] . Mutagenesis of either of these Ser residues results in a form of ZP3 inactive for sperm binding [4] .
A number of previous studies are consistent with the idea that a sperm-associated ␣-L-fucosidase may be involved as a protein receptor for oocyte binding. Plasma membrane-associated ␣-L-fucosidases have been found on sperm from bulls [11] , rats [12, 13] , the mollusk bivalve Unio elongatulus [14] , and the ascidian Ciona intestinalis [15] . More recently, ␣-L-fucosidase has been demonstrated to be associated with sperm plasma membranes in the toad Bufo arenarum [16] and in humans [17] . The preliminary evidence for human sperm plasma membrane-associated ␣-L-fucosidase was provided by immunocytochemical and subcellular fractionation studies [17] .
Further evidence that ␣-L-fucosidases may be involved in sperm-egg interactions comes from several studies. First, L-fucose and fucose-containing molecules have been shown to inhibit these germ cell interactions in hamsters [18] , rats [19] , mice [20] , and humans [21] [22] [23] . Second, a fucosyl residue appears to be required on a zona pellucida ligand for high-affinity sperm binding in the mouse [24] . Third, Lfucosyl-binding sites have been found on intact [23, 25, 26] or acrosome-reacted [27] human sperm using the labeled neoglycoprotein fluorescein isothiocyanate-bovine serum albumin-L-fucose (FITC-BSA-Fuc; Sigma, St. Louis, MO). The binding of FITC-BSA-Fuc, primarily to the sperm head region, could be inhibited by a sulfated polymer of fucose, fucoidin [27] , or by solubilized human zona pellucida proteins [26] . Finally, ␣-L-fucosidase treatment of eggs significantly decreases sperm binding [28] .
In the present study, we provide further evidence for the plasma membrane association of human sperm ␣-L-fucosidase by detergent and salt extraction studies [29] and by cytochemical localization of fucosyl-binding sites on human sperm with the neoglycoprotein FITC-BSA-Fuc. In addition, the sperm plasma membrane ␣-L-fucosidase has been solubilized into the aqueous phase (and separated from more hydrophobic proteins) by Triton X-114 phase separation. The solubilized enzyme has been purified by affinity chromatography on agarose-C 24 -fucosylamine (Sigma) and characterized with regard to its stability properties, subunit and isoform compositions, multimeric forms, glycosylation, pH optimum, and kinetic properties. To our knowledge, the present study is the first investigation to purify and characterize a mammalian plasma membraneassociated ␣-L-fucosidase.
MATERIALS AND METHODS General
␣-L-Fucosidase assay. ␣-L-Fucosidase was assayed at pH 7.0 (0.1 M NaH 2 PO 4 /Na 2 HPO 4 ) using 1 mM 4-methylumbelliferyl-␣-L-fucopyrano-side (4-MU-Fuc; Sigma) as substrate, with subsequent determination of fluorescence and correction for tissue and substrate blanks [17] . The total assay volume was 150 l, including 25 l of sperm suspension or extract, 25 l of buffer (0.1 M NaH 2 PO 4 /Na 2 HPO 4 , pH 7.0), and 100 l of 1 mM 4-MU-Fuc (in the same buffer). One unit of enzyme activity is defined as the amount of enzyme that will hydrolyze 1 nmol/min of 4-MU-Fuc at 37ЊC. In some cases, 1% (w/v) L-fucose (Sigma), a competitive inhibitor of ␣-L-fucosidase [30] , was present in the enzyme suspension; if so, Lfucose was diluted significantly or removed by dialysis before conducting enzyme assays.
Bradford protein assay. Protein concentration was determined by the method of Bradford [31] using Coomassie brilliant blue (BioRad Labs, Hercules, CA) following the standard assay and microassays described by Rosenberg [32] . Bovine serum albumin (Sigma) was used for standard curves.
Semen preparation. Human semen specimens were obtained from healthy, informed male volunteers following protocols approved by the Lehigh University Institutional Review Board. The sperm parameters were within the normal ranges for morphology, motility, and numbers based on World Health Organization criteria [33] . After liquefaction (20-30 min) at room temperature, semen was diluted with Dulbecco PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 ; pH 7.4). The dilution factors and centrifugal forces were varied in some experiments as indicated.
Sperm preparation for ␣-L-fucosidase analysis. Multiple semen samples were pooled, and 3.5 ml of PBS were added per milliliter of semen. The mixture was centrifuged at 1000 ϫ g for 10 min at room temperature, the resulting supernatant was poured off, and the remaining pellet was washed two more times and used for experiments. Next, PBS (5-10 ml) was added to the pellet, which was recentrifuged at 1000 ϫ g for 10 min at 20ЊC. The supernatant was decanted, the final pellet was resuspended in 0.5 ml of PBS, and both were assayed for total ␣-L-fucosidase activity.
Whole-Sperm Studies
Detergent and salt solubilization. Extraction reagents (NaCl, KI, NaOH, Triton X-100, Triton X-114, n-octylglucoside, sodium deoxycholate, and sodium taurocholate) were purchased from Sigma. Sperm pellet suspensions (containing 0.5-1.0 U of ␣-L-fucosidase) in 15-ml conical tubes were extracted by the following reagents at the indicated concentrations: NaCl (0.34, 0.59, 1.06, and 2.09 M), KI (0.125, 0.25, 0.5, and 1.0 M), NaOH (1%), Triton X-100 (0.01%, 0.02%, 0.05%, 0.1%, 0.5%, and 1%), Triton X-114 (0.06%, 0.125%, 0.25%, 0.5%, and 1%), n-octylglucoside (6.5, 13, 20, 22, and 26 mM), sodium deoxycholate (0.5, 1, 2, and 4 mM), and sodium taurocholate (0.85, 1.7, 3.4, and 6.8 mM). A control tube contained 1 ml of PBS (without extraction agent). The tubes were placed on an oscillating platform at 75 rpm for 30 min at 21ЊC and then centrifuged for 20 min at 10 000 ϫ g at 21ЊC. The ␣-L-fucosidase activity in the supernatant was expressed as a percentage of the total activity per tube and compared to the activity released to the supernatant by PBS alone.
Isoelectric focusing of extracts of whole-sperm and Percoll-prepared sperm ␣-L-fucosidase. Sperm proteins from Triton X-100 or Triton X-114 (aqueous phase) extracts were loaded onto a 40-ml isoelectric focusing column and focused as previously described [17] . In some experiments, sperm cells were purified using 80% and 40%, or 45% and 30%, Percoll (Sigma) discontinuous density gradient centrifugation at 600 ϫ g for 20 min at 21ЊC. By these methods, the mature sperm were separated from seminal plasma, immature germ cells, and nonsperm cells (mainly leukocytes). Liquefied semen was carefully loaded onto a discontinuous Percoll density gradient consisting of 80% (3 ml) beneath 40% (3 ml) isotonic Percoll solution prepared in PBS (pH 7.4) containing 3 mg/ml of BSA (Sigma). After centrifugation at 600 ϫ g for 20 min at 21ЊC, the sperm pellet at the bottom of the 80% layer was collected and washed three times in PBS by centrifugation at 600 ϫ g for 10 min. In some experiments, layers of 45% (3 ml) beneath 30% (3 ml) Percoll were used to obtain higher yields of purified sperm cells. All of the fractions, including interfaces, were carefully collected and analyzed for ␣-L-fucosidase activity and sperm count and were evaluated microscopically. The bottom pellet, containing purified sperm, was used for detergent extraction and isoelectric focusing experiments. The isoelectric focusing profiles were compared to those of purified sperm ␣-L-fucosidase.
Localization of fucose-binding sites on human sperm. The FITC-BSAFuc was added to live sperm suspensions (20 ϫ 10 6 sperm/ml) as previously described [23] at a final concentration of 40 g/ml and then incubated for 40 min at 37ЊC. Competition studies were also done by pretreatment (1 h) and inclusion of L-fucose (50 mM) or D-glucose (50 mM; Sigma), fucoidin (10 g/ml; Sigma), and goat anti-human liver ␣-L-fucosidase antibody (1:20 [v/v] ) [34] . Following incubation, cells were washed by centrifugation at 500 ϫ g for 10 min and evaluated by fluorescence microscopy. More than 100 cells were scored for the presence, intensity, and subcellular distribution of fluorescence, and photomicrographs were obtained using 1000 ASA film (Kodak, Rochester, NY) or digital imaging with a Nikon DMX1200 camera (Nikon, Melville, NY).
Purification of sperm ␣-L-fucosidase. After liquefaction, semen was diluted with one volume of PBS and centrifuged at 600 ϫ g for 20 min. The sperm pellet was transferred to a new tube, resuspended with 5 ml of PBS (pH 7.4), and centrifuged at 600 ϫ g for 20 min at 21ЊC two more times. The resulting sperm pellet was used for enzyme purification or frozen at Ϫ20ЊC for future use. Sperm suspensions (containing ϳ100 ϫ 10 6 sperm/ml in cold PBS, pH 7.4) were mixed with Triton X-114 (11%, v/v) to obtain a final concentration of 2% (v/v) and subjected to phase partitioning using a procedure modified after that described by Bordier [35] . The mixtures were shaken for 1 h in an ice bath at 75 rev/min, vortexed for 10 sec, and subsequently centrifuged at 105 000 ϫ g for 1 h at 4ЊC to remove the insoluble residue and to recover solubilized plasma membrane-associated sperm ␣-L-fucosidase. The supernatant, containing the ␣-L-fucosidase, was subjected to phase separation by incubation at 37ЊC in a water bath for 3-5 min. During this treatment, the clear detergent solution became cloudy because of the condensation of Triton X-114 micelles. The sample was centrifuged at 1000 ϫ g for 5 min at room temperature to separate the aqueous (top) and detergent (bottom) phases. The aqueous phase was carefully removed and put on ice, and the detergent phase was again subjected to phase separation. The second detergent-depleted aqueous phase and the first aqueous phase were pooled, dialyzed two times (1 h each) against 100 volumes of 10 mM sodium phosphate buffer (pH 5.5) at 4ЊC, and dialyzed one more time overnight. The dialysate was centrifuged at 10 000 ϫ g for 20 min at 4ЊC to remove precipitate, and the supernatant (which contained ␣-L-fucosidase activity) was put on 4.3 ml of fucosylamine attached to 4% cross-linked beaded agarose (24-carbon spacer arm; Sigma) in a 0.7 ϫ 20-cm column at a flow rate of 2.5 ml/h. The column was washed with 10 mM sodium phosphate buffer (pH 5.5) until the absorbance at 280 nm stabilized near 0.002 [30] . The sperm ␣-L-fucosidase was eluted with 1% L-fucose in the same buffer, collected in fractions (1.1 ml) at 21ЊC, assayed for ␣-L-fucosidase activity, and concentrated with a centrifugal concentrator (Centricon-YM30; Millipore, Bedford, MA) at 4ЊC (following the instructions of the manufacturer) or by ultrafiltration (25 YM-30; Millipore) at 60 psi of N 2 at 21ЊC. Protein concentration was determined using the method of Bradford [31] .
Characterization of Purified Sperm ␣-L-Fucosidase
Stability study. The stability of purified sperm ␣-L-fucosidase (in 10 mM sodium phosphate buffer, pH 5.5, containing 1% L-fucose with or without 0.015% Triton X-100) was assessed after storage at either 2-4ЊC or Ϫ20ЊC. Initially, and periodically thereafter, stored samples (10 l) were tested for ␣-L-fucosidase activity.
SDS-PAGE and Western blot analysis. Purity of the purified sperm ␣-L-fucosidase was assessed by slab SDS-PAGE as previously described for ␣-L-fucosidase [36] . Proteins were visualized with Coomassie blue (BioRad Labs) or by silver staining using the method of Rosenberg [32] .
Western blot analysis was done as previously described for ␣-L-fucosidase [36] with goat anti-human liver ␣-L-fucosidase polyclonal antibody [34] and horseradish peroxidase-conjugated rabbit anti-goat F(abЈ) 2 (ICN/ Cappel, Aurora, OH) as the secondary antibody. Development was accomplished using enhanced chemiluminescence (ECL) as previously described [36] .
Lectin blot analysis was performed as previously described [36] using polyvinylidene difluoride membranes (containing the electrotransferred proteins) and biotinylated lectins (Galanthus nivalis agglutinin [GNA], Sambucus nigra agglutinin [SNA] , and peanut agglutinin [PNA]; Vector Laboratories, Inc., Burlingame, CA). The membranes were washed, incubated with avidin and biotinylated peroxidase macromolecular complex containing 1% BSA for 30 min, rewashed three times, and developed using ECL [36] .
N-glycanase treatment. N-glycanase treatment was performed as previously described [36] on purified sperm ␣-L-fucosidase (42 ng), purified human liver ␣-L-fucosidase (115 ng; as a positive control), and purified seminal fluid ␣-L-fucosidase (42 ng; for comparison purposes). N-glycanase (Genzyme Corp., Framingham, MA) was added to give a final concentration of 10 U/ml, and the reaction mixtures were incubated at 37ЊC for 17 h. Controls were run that contained all constituents except N-gly- canase, and N-glycanase was also run alone. The reaction mixtures were evaluated by SDS-PAGE and silver staining (as described above).
pH optimum and kinetic studies. The pH activity curves for crude and purified sperm plasma membrane-associated ␣-L-fucosidases were determined essentially as previously described [12] using duplicate assays for 10 min at 37ЊC, and actual pH values of a third set of mock (i.e., lacking substrate) tubes were recorded. Assays were done with 10-l enzyme aliquots, 40 l of appropriate buffer, and 100 l of 4-MU-Fuc substrate (1 mM) in H 2 O.
Neuraminidase treatment and isoelectric focusing studies. Purified sperm ␣-L-fucosidase (15 U) was incubated at 37ЊC in 0.1 M citric acid/ sodium citrate buffer (pH 5.0) with either 1.5 U of neuraminidase (Clostridum perfringens, type x; Sigma) for 6 h or 3.8 U of neuraminidase for 17.5 h. Sham-treated controls were run in parallel but without neuraminidase. Activities of ␣-L-fucosidase were determined before and after incubation, and the isoform composition of each determination was investigated by isoelectric focusing as previously described [17] .
Gel filtration chromatography. Sephadex G-200 (Amersham Biosciences, Piscataway, NJ) chromatography was performed on a 98 ϫ 1.0-cm glass column as previously described [36] using standard proteins for calibration. The void volume was determined using blue dextran (2000 kDa; Sigma). Approximately 0.5-to 1.0-ml samples (containing 20 U of ␣-Lfucosidase) were loaded onto the column and eluted with PBS (pH 7.0) containing 0.02% (w/v) NaN 3 , and fractions (1.1 ml) were collected and assayed for protein (by absorbance at 280 nm) and for ␣-L-fucosidase activity.
Kinetic studies. Apparent K m and V max values were determined graphically by Lineweaver-Burk double reciprocal plots [37] using 4-MU-Fuc as substrate. Aliquots of enzyme were incubated in 12 concentrations of substrate (from 0.003 to 0.66 mM) in 0.1 M NaH 2 PO 4 /Na 2 HPO 4 (pH 6.7) for 10 min.
Reproducibility. All experiments reported here have been obtained with comparable results on a minimum of at least three different occasions and using several different semen donors.
RESULTS
Two complementary studies were initially done to provide further evidence for the plasma membrane association of human sperm ␣-L-fucosidase. Several reagents (i.e., salts, NaOH, and detergents) were used that have been employed previously for determining the plasma membrane localization of proteins [29] and by other investigators [38, 39] to study plasma membrane-associated glycosidases. These reagents were used at various concentrations (see Materials and Methods) to determine their effectiveness in releasing ␣-L-fucosidase activity from the sperm to the supernatant fluid after incubation and centrifugation. High concentrations of NaCl and Kl, as well as NaOH, did not release any ␣-L-fucosidase activity into the supernatant fluid over the control level with PBS alone. All five detergents, at or above the indicated concentrations (0.1% Triton X-100, 0.06% Triton X-114, 10 mM n-octylglucoside, 1 mM sodium deoxycholate, and 1.7 mM sodium taurocholate), released essentially all (93-98%) of the ␣-L-fucosidase activity to the supernatant fluid and stimulated this activity by 3.0-to 5.0-fold. Control studies indicated that none of the above detergents had any effect on stimulating the activity of soluble human seminal plasma ␣-L-fucosidase (data not shown), which is the major ␣-L-fucosidase found in human semen [17, 36] .
The FITC-BSA-Fuc was used to evaluate the presence of fucose-binding sites on sperm cells, and competitors were introduced to demonstrate the specificity of binding. Washed, living sperm were incubated with the labeled neoglycoprotein FITC-BSA-Fuc, and typical fluorescence microscopy results are shown in Figure 1 . As used, treatment with FITC-BSA-Fuc (40 g/ml) generates detectable labeling of approximately 60% of sperm. The FITC-BSAFuc fluorescence appears primarily on the postacrosomal region, with some heterogeneity for staining of the acrosome, equatorial region, neck, and midpiece (Fig. 1, A and  B) . Binding of FITC-BSA-Fuc (40 g/ml) was significantly reduced in both intensity of labeling and number of cells on which signal could be detected by pretreatment and inclusion of each of the following: polyclonal antibodies against human ␣-L-fucosidase (goat anti-human fucosidase [34] , 1:20 dilution) (Fig. 1, C and D) , L-fucose (50 mM) (Fig. 1, E and F) , or fucoidin, a sulfated polymer of fucose [27] (10 g/ml) (Fig. 1, G and H) . By contrast, only slight reduction of staining by FITC-BSA-Fuc resulted from treatment with D-glucose (50 mM; data not shown). Under these conditions of labeling, the sperm population is 85-90% acrosome intact. The detergent studies described above indicated that 1% Triton X-100 was useful for extracting and solubilizing ␣-L-fucosidase from the sperm plasma membrane. This detergent extract was subjected to Triton X-114 phase separation to remove the more hydrophobic membrane proteins into the detergent phase. The great majority (93%) of sperm plasma membrane ␣-L-fucosidase activity partitioned into the aqueous phase, which could then be used for purifying the solubilized ␣-L-fucosidase by affinity chromatography. Before affinity chromatography, ␣-L-fucosidase extracted from Percoll-prepared sperm was subjected to isoelectric focusing (Fig. 2) to determine its prepurification isoform profile. Two major isoforms with pI values of 6.7 and 6.9 were found.
The purification scheme, which employed ultracentrifugation, Triton X-114 phase separation, dialysis, and affinity chromatography on fucosylamine-agarose, resulted in an 8600-fold increase in sperm ␣-L-fucosidase specific activity (to 35 000 U/mg protein) with a yield of 16%. The SDS-PAGE analysis (Fig. 3) illustrates the migration pattern of crude sperm proteins from the dialyzed aqueous phase of Triton X-114 phase separation (lane 3) and purified human sperm ␣-L-fucosidase (lane 4). The purified enzyme appears to be a single protein band corresponding to approximately 51 kDa (as determined by the migration of standard proteins in lanes 2 and 6). The purified sperm ␣-L-fucosidase is smaller than purified human seminal fluid ␣-L-fucosidase (lane 5) [36] , which has a molecular mass (M r ) of approximately 56-57 kDa and can be barely seen after Ag (silver) staining. However, the seminal fluid ␣-L-fucosidase can be easily visualized (lane 9) by Western blot analysis. Purified sperm ␣-L-fucosidase was readily detected (lane 8) at Western blot analysis (with goat antibody prepared against human liver ␣-L-fucosidase), and a major antigenic band comigrated with the single protein band in lane 4. The human sperm ␣-L-fucosidase (lane 4) appears to be highly purified, even when detected by the very sensitive Ag-staining method.
The stability of purified plasma membrane-associated human sperm ␣-L-fucosidase was evaluated following periods of storage at 2-4ЊC and Ϫ20ЊC at pH 5.5 in the presence of 1% L-fucose. One group of aliquots was mixed with 0.015% Triton X-100. Samples of the frozen enzyme in the presence of 0.015% Triton X-100 retained 100% of ␣-Lfucosidase activity for at least 3 mo. Comparable samples lost all activity in only 2 wk in the absence of detergent. At 2-4ЊC, in the presence and absence of 0.015% Triton X-100, the enzyme retained 100% of its activity for 2 wk. After 2 wk, the samples without detergent lost all their enzyme activity. In the presence of detergent, the enzyme activity gradually decreased to approximately 20% of the starting activity after 6 wk. In the presence of 0.015% Triton X-100, the enzyme exhibited enhanced activity at least twice that of the activity without detergent.
Kinetic analysis of purified plasma membrane-associated human sperm ␣-L-fucosidase was also undertaken. Figure  4 , which shows a pH optimum curve typical of three experiments, indicates sperm ␣-L-fucosidase has substantial activity over a broad range of pH values. The optimum was always in the neutral range (pH 6.8-7.3) but with retention of approximately 80% of maximal activity at pH 5.5-6.0 and at pH 4.0-4.5. Slight (10%) buffer effects were noted in the acidic region (pH 3.2-3.6), where oxalate buffer gave slightly higher activity than citrate buffer. Lineweaver-Burk double reciprocal plots (using 4-MU-Fuc as substrate) were done three times and closely approximated straight lines. The purified human sperm ␣-L-fucosidase has an apparent K m of 0.08 Ϯ 0.04 mM (mean Ϯ SD) and an apparent V max of 6.8 Ϯ 1.3 mol/min/mg protein (mean Ϯ SD). The ki- netic data must be interpreted with caution, however, because the analyses were done in the presence of 0.015% Triton X-100.
A typical isoform profile of purified plasma membraneassociated human sperm ␣-L-fucosidase, as depicted in Figure 5A , indicates two major peaks at pIs 6.5 and 6.7 and a possible minor isoform near pI 6.3. This profile indicates that the two major fucosidase isoforms (seen in crude extracts) were purified by our scheme. After treatment of purified ␣-L-fucosidase at 37ЊC with 1.5 U of neuraminidase for 6 h (Fig. 5B) or under more drastic conditions with 3.75 U of neuraminidase for 17.5 h (Fig. 5C) , two isoforms are still present at pIs 6.5 and 6.7, comparable to the untreated ␣-L-fucosidase. Heat-treated ␣-L-fucosidase (without neuraminidase) gave isoform profiles comparable to those in Figure 5 (data not shown). These results suggest that the isoforms of sperm ␣-L-fucosidase do not appear to contain terminal sialic acid residues.
Gel filtration chromatography of purified plasma membrane-associated human sperm ␣-L-fucosidase on Sephadex G-200 yielded the profile depicted in Figure 6 . The sperm enzyme, in the presence of 0.015% Triton X-100, appears to contain a major form with an approximate M r of 86 kDa and a minor form with an approximate M r of 230 kDa (as determined by calibrating the column with standard proteins). The presence of Triton X-100 (which was necessary to keep the fucosidase soluble in aqueous buffer) makes it difficult to interpret the gel filtration data.
The N-glycosylation of purified plasma membrane-associated human sperm ␣-L-fucosidase was investigated by SDS-PAGE/Ag-staining analysis before and after treatment with N-glycanase, an enzyme that removes N-linked glycans [40] . Purified human liver ␣-L-fucosidase (as a positive control) and purified human seminal fluid ␣-L-fucosidase (for comparison to sperm fucosidase) [36] were also analyzed in the same experiment. The fucosidases were incubated at 37ЊC for 17 h with or without (i.e., mock-treated) N-glycanase (10 U/ml). Figure 7 , which depicts the experimental results, indicates that purified sperm ␣-L-fucosidase treated with N-glycanase (lane 8) migrates farther toward the anode (to a M r of ϳ45 kDa) than mock-treated sperm ␣-L-fucosidase (lane 7), which migrates (as in Fig. 3) tein bands (M r , ϳ50 and ϳ45 kDa) compared to mocktreated samples (lanes 3 and 5). The 50-and 45-kDa protein bands are similar to those found previously [41] and might represent partially and more-fully N-deglycosylated ␣-L-fucosidases, respectively. The protein-staining band at 34 kDa (lanes 4, 6, and 8) corresponds to authentic N-glycanase (as determined in other experiments; data not shown). The band seen near 60 kDa in all lanes (including sample buffer lanes 1 and 10) appears to be an artifact.
Once it was established that purified plasma membraneassociated human sperm ␣-L-fucosidase contained N-glycans, lectin blot analysis (Fig. 8 ) was undertaken to investigate the monosaccharides that might be present in the sperm enzyme (lanes 3, 6, and 9). Purified human liver ␣-L-fucosidase (lanes 1, 4, and 7) and purified human seminal fluid ␣-L-fucosidase (lanes 2, 5, and 8) [35] were also studied. A lectin with specificity for mannose, GNA reacted strongly with all three fucosidases (lanes 1-3) . A lectin with specificity for sialic acid linked ␣2-6 to galactose or Nacetylgalactosamine, SNA recognized human liver fucosidase slightly (lane 4) and seminal fluid fucosidase strongly (lane 5) but did not recognize human sperm fucosidase (lane 6). A lectin with specificity for galactose, PNA did not recognize any of the fucosidases (lanes 7-9). The SNA results, indicating that no sialic acid residues are detectable in the sperm fucosidase, are consistent with the neuraminidase-treatment studies (Fig. 5) , which gave no evidence for the presence of sialic acid residues on plasma membrane-associated human sperm ␣-L-fucosidase.
DISCUSSION
In previous studies, evidence was provided for a novel plasma membrane-associated ␣-L-fucosidase on rat sperm [12, 13] . Later studies provided preliminary evidence (from immunocytochemical and subcellular fractionation analyses) for the localization of ␣-L-fucosidase to the human sperm plasma membrane [17] . The plasma membrane-associated human sperm ␣-L-fucosidase was different in its structural and kinetic properties from the more abundant, soluble seminal fluid ␣-L-fucosidase. In the present study, further evidence has been provided for the plasma membrane association of human sperm ␣-L-fucosidase, and the membrane-associated enzyme has been extracted, to our knowledge purified for the first time, and more fully characterized. The almost complete release of ␣-L-fucosidase from sperm cells by detergents and the significantly decreased release by high salt concentrations and NaOH suggests that sperm ␣-L-fucosidase is not a peripheral membrane protein but, instead, is an integral membrane protein [29] . In this respect, our results are similar to those of recent studies, which have provided good evidence for the presence of an integral plasma membrane ␣-L-fucosidase on human red blood cells [39] and on several human hematopoietic, epithelial, and mesenchymal cells [42] . The observations that significant fucosidase activity could be released by PBS and concentrated salt solutions and that ␣-L-fucosidase was found in the aqueous fraction after phase partitioning are consistent with ␣-L-fucosidase being a single-pass membrane protein [29] . The function of these novel plasma membrane-associated ␣-L-fucosidases is not yet known.
The labeled neoglycoprotein FITC-BSA-Fuc was also employed in the present study to demonstrate the plasma membrane association of sperm ␣-L-fucosidase. The fucosidase was primarily found on the postacrosomal region, and labeling with the neoglycoprotein could be competitively inhibited by L-fucose, fucoidin, and antibodies against ␣-L-fucosidase. These results, which suggest that FITC-BSA-Fuc was binding to the sperm surface ␣-L-fucosidase, extend our earlier results [17] and confirm those of several other investigators [23, [25] [26] [27] who reported localization of ␣-L-fucosidase to the plasma membrane of human sperm cells.
The human sperm plasma membrane-associated ␣-L-fucosidase has been extracted, solubilized, and separated from the more hydrophobic plasma membrane proteins by Triton X-114 phase separation of fucosidase to the aqueous fraction. Without this phase separation (which may be useful in separating other loosely associated plasma membrane proteins from more hydrophobic proteins), we were unable to purify ␣-L-fucosidase by affinity chromatography on fucosylamine-agarose, presumably because of ''coating'' of the resin by the more hydrophobic proteins. The ␣-L-fucosidase in the aqueous phase was readily purified by the affinity resin and represents, to our knowledge, the first purification of a mammalian plasma membrane-associated ␣-L-fucosidase. The purified enzyme, in the presence of 0.015% (v/v) Triton X-100 and 1% (w/v) L-fucose, was completely stable for at least 3 mo at Ϫ20ЊC and for at least 2 wk at 2-4ЊC. Isoelectric focusing indicated the purified sperm fucosidase contained the two major isoforms (and a possible, more-acidic minor isoform) found for ␣-Lfucosidase extracted from Percoll-prepared sperm. This indicates that both isoforms were purified by our scheme, a necessary confirmation because of the low yield obtained in purification. Both SDS-PAGE and Western blot analysis indicated that the sperm ␣-L-fucosidase was highly purified, if not homogeneous, and contained a major protein band of 51 kDa. N-glycanase treatment caused the purified fucosidase to migrate farther toward the anode (M r , ϳ45 kDa), indicating the presence of N-glycans in the human sperm enzyme. Lectin blot analysis indicated the presence of mannose but a lack of detectable galactose and sialic acid residues. Neuraminidase treatment of sperm ␣-L-fucosidase, followed by isoelectric focusing analysis, yielded no change in isoform profile and provided further complementary evidence for an absence of sialic acid residues. This finding differs from the observation of sialic acid residues 715 PLASMA MEMBRANE-ASSOCIATED HUMAN SPERM ␣-L-FUCOSIDASE on purified human liver and human seminal fluid ␣-L-fucosidases as analyzed in parallel studies.
Previous studies concerning human liver ␣-L-fucosidase indicated the presence of two subunits of 56 and 51 kDa, both of which were glycosylated, but only the 56-kDa subunit contained sialic acid residues [41] . In addition, the acidic fucosidase isoforms contained enriched amounts of the 56-kDa subunit [41] . Purified human seminal plasma ␣-L-fucosidase contains a 56-kDa subunit, is sialylated, and has several acidic fucosidase isoforms [36] . Results of the present study indicate purified sperm ␣-L-fucosidase contains a 51-kDa subunit, is not sialylated, and has only neutral fucosidase isoforms. In addition, the seminal plasma and sperm ␣-L-fucosidases are both cross-reactive with antibodies prepared against human liver ␣-L-fucosidase [34] . Taken together, these results suggest that the 56-kDa seminal plasma subunit and the 51-kDa sperm subunit may be comparable to the 56-and 51-kDa subunits, respectively, of human liver ␣-L-fucosidase.
Gel filtration studies of purified human sperm ␣-L-fucosidase provided evidence for two enzymatically active structures, a major form at 86 kDa and a minor form at 230 kDa. However, these results must be interpreted with caution, because the gel filtration studies were done in the presence of Triton X-100 to keep the purified ␣-L-fucosidase both soluble and stable. This nonionic detergent could interact with hydrophobic domains on ␣-L-fucosidase and affect the multimeric structure of this membrane-bound enzyme.
Kinetic analysis with the 4-MU-Fuc substrate indicated that purified sperm ␣-L-fucosidase has a neutral pH optimum near 7, which is very different than the more acidic optimum (pH 4.0-4.5) found for most previously studied mammalian ␣-L-fucosidases [43] . Lineweaver-Burk double reciprocal plot analysis of the purified sperm ␣-L-fucosidase indicated an apparent K m of 0.08 mM and a V max of 6.8 mol/min/mg protein for 4-MU-Fuc. These kinetic values are similar to those previously found for a number of mammalian ␣-L-fucosidases [43] and suggest that the presence of 0.015% Triton X-100 in the purified sperm fucosidase is not affecting the kinetic results.
In summary, the present investigation has provided further evidence for the presence of a novel form of ␣-L-fucosidase associated with the plasma membrane of human sperm. In addition to its unusual membrane location, presumably as a single-pass protein, human sperm ␣-L-fucosidase is unusual in that the highly purified enzyme has a neutral pH optimum and does not appear to contain sialic acid residues on its carbohydrate moieties. These unusual properties argue for a potentially important, but presently unknown, function for human sperm ␣-L-fucosidase in human reproduction.
